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Introduction
As the theoretical literature indicates, the production structure and the elasticity of substitution between input factors are important determinants of the labour market effects of an ecological tax reform that raises energy taxes in production and reduces labour income taxes. The more easily labour can be substituted for energy compared to other production factors such as capital, the higher the chance is that employment increases (Bovenberg/van der Ploeg 1998 , Bovenberg 1999 ).
In policy discussions on the double dividend, computable general equilibrium (CGE) models have proved to be useful, particularly when theoretical models no longer can be solved analytically, i.e. when too many production inputs, production sectors, market distortions etc. are involved. However, the meaningfulness of CGE model results for policy-decision makers decisively depends on the empirical validity of numerical parameter values incorporated, such as substitution elasticities in production. In energy-economy CGE modeling a common approach is to use nested CES (constant elasticity of substitution) production functions which account for different degrees of substitutability between input factors on different nesting levels. Whereas in CGE models CES distribution parameters are calibrated against benchmark data, CES substitution elasticities have to be specified outside the model. Typically, CGE modelers simply take econometric estimates from the literature. These are, however, unlikely to be compatible with their models' sectoral production structure.
Looking into the econometric literature on substitution elasticities between energy and nonenergy inputs, one can find a substantial number of empirical studies which have been published since the energy crisis in the 70's. Most of them rely on homothetic KLEM (capital, labour, energy, material) or KLE translog cost functions and use highly aggregated data, often for the whole U.S. manufacturing sector. Substitutability relationships are mainly measured by the (constant-output) Allen partial elasticity of substitution.
There are, however, only a few empirical studies available dealing with detailed substitutional relationships in the German economy. Most of them are restricted to manufacturing sectors and consider only one single energy input aggregate. 2 The objective of this paper is twofold: Firstly, to contribute to a further empirical clarification of sectoral substitutional opportunities in the German economy, and secondly, to improve the empirical basis of the CGE model GEM-E3 and its power to simulate 'ecological tax reform' scenarios. 3 Using a translog cost function, sectorally differentiated substitution elasticities are estimated of a non-nested and a three-level nested production function with capital, labour, material, electricity, and fossil fuels. This flexible functional form is applied, since, in contrast to the CES, it does not impose a priori restrictions with respect to substitution patterns, separable structures and economies of scale on the underlying technology. This work stands against previous studies in the field of substitution elasticities in that it includes not only nearly all producing industries, but also service sectors in Germany. In addition to this, it gives up the assumption of the existence of an energy aggregate, but uses disaggregated energy data for electricity and fossil fuels. Furthermore, it measures substitutability in terms of the Morishima elasticity of substitution. 4 The remainder of this paper is organised as follows: In Section 2, substitution elasticities and economies of scale are estimated for a non-nested translog cost function. The data basis is constituted by pooled time series and cross sections for (West) Germany over the period 1978-90. Section 3 presents estimates of a three-level nested translog cost function and provides statistical test results for weak separability restrictions. In Section 4, the sensitivity of GEM-E3 model results to substitution patterns in production is tested. Finally, Section 5 contains the main conclusions.
Estimating substitution elasticities with a non-nested five-input cost function

Econometric model
We employ a flexible translog cost function in order to estimate substitution elasticities between capital (K), labour (L), nonenergy material (M), electricity (EL) and fossil fuels (F) . Expanding the log of total production costs ) , , ( ln t x C p in a second-order Taylor In addition to (2.3), two further regularity conditions required by microeconomic theory are monotonicity of the cost function and concavity in factor prices. Although it can be easily examined whether the cost function is non-decreasing in input prices by analysing whether fitted cost shares are non-negative, concavity conditions are more difficult to be checked and, if they are not satisfied, to impose. A necessary and sufficient condition for global concavity in factor prices is the negative semi-definiteness of the Hessian matrix of secondorder partial derivatives of the cost function with respect to input prices. In 4 Section 2.3, results of the unrestricted translog cost model and of the locally concavity restricted translog cost model are presented.
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Stochastic terms are added to equations (2.1) and (2.2) which are assumed to be independently and identically multivariate and normally distributed with mean vector zero and constant non-singular covariance matrix for each equation. In order to avoid singularity of the disturbance covariance matrix, the share equation of material is dropped. Maximum-likelihood estimates of the parameters are computed with TSP 4.4.
For estimation, 49 sectors reported in the German national account statistics are pooled into four sector groups: energy supply, energy-intensive manufacturing, nonenergy-intensive manufacturing, and service sectors (see Table A -2 in Appendix III). In order to restrict the number of free parameters, it is assumed that the slopes of the derived demand functions are identical within each sector aggregate.
Data
Yearly data on prices and cost shares of material, capital, labour, electricity and fossil fuels are compiled from German national account statistics and inputoutput tables of 1978-90. Due to the short time period, time-series crosssectional data are used. The sample contains the agriculture and forestry sector and nearly all producing and service sectors recorded by the statistical office (data construction follows Falk/Koebel 1999, see Appendix I). Figure 1 gives an impression of the development of aggregated prices and quantities over the period 1978-90. In all sector aggregates the development of fossil fuel prices clearly reflects the oil crisis, which led to a sharp price increase from 1978 on. After a peak in 1985, prices fell down again, but stopped and stayed at a higher level. In contrast, electricity prices remained relatively uninfluenced by the oil crisis (prices increased relatively steadily by a total of 40% during 1978 to 1990) as electricity production is mainly based on brown and hard coal, produced in Germany, whereas the share of oil in total fuel inputs is less than 10%. In contrast to global concavity, local concavity requires only that the functional form is curvature correct at a single data point, typically the point of approximation. Local concavity is imposed on the translog cost function by means of a Cholesky factorization (see Lau 1978 and Jorgenson/Fraumeni 1981) . 7 The cost share of oil in total inputs in electricity production was 7.2% in 1980 7.2% in , 3.3% in 1985 7.2% in , and 2.8% in 1990 7.2% in (BMWi 1993 7.2% in , 1998 
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Cost shares calculated for the entire German economy and for the four sector groups are listed in Table 1 . 8 All in all, the figures indicate that cost shares were relatively stable over the period. Remarkably, cost shares of fossil fuels are smaller in 1990 than in 1978 in all sector groups, whereas for electricity they are slightly higher. Most striking is the substantial increase of the cost share of material in the energy supply sectors aggregate which is associated with a significant decrease in the cost share of fossil fuels. This is primarily the consequence of price effects (due to the development of fossil fuel prices between 1978 and 1990) and of the high share of fossil fuels in total inputs in this sector group (particularly in the 'mineral oil' sector). 
Empirical results
Curvature conditions
Own-and cross-price elasticities are computed from cost shares, evaluated at 1990 data, and from parameter estimates. The aggregated elasticities, presented in the following, are calculated as the weighted sum of sectoral elasticities, 7 whereas a sector's share in total input quantity serves as weight. 9 Two ways of aggregation are considered: firstly, elasticity values which are insignificant at a 5% level enter aggregation at zero (value I). Secondly, all estimates, whether they are significantly different from zero or not, are used to compute the weighted aggregated elasticity (value II). Table 2 depicts sectorally aggregated own-price elasticities, calculated from the concavity unrestricted translog cost function. In the majority of cases, elasticities show the expected sign; however, significantly positive own-price elasticities of electricity demand are computed for the service sectors. Additionally, the own-price elasticity of fossil fuel demand is significantly positive for all sector groups, apart from the energy supply sectors, for which negative values are obtained.
Even if positive own-price elasticities are inconsistent with neoclassical theory, they are a common finding in empirical applications of KLEM models to German data and in interfuel substitution studies (cf. Nakamura 1984 :201, Jones 1996 . According to Friede (1980:87) , who also computed positive ownprice elasticities for West German producing sectors in 1954-67, positive ownprice elasticities can be attributed to: 1. statistical errors (e.g. positive values are statistically insignificant); 2. data errors (in particular in cases where the input, e.g. fossil fuels, is unimportant for production); and 3. errors in model assumptions (e.g. with respect to the underlying postulate of cost-minimising behaviour). In practice, it is quite difficult to identify the source of error. Deviations from cost-minimising behaviour might be, for example, attributed to energy or environmental policy regulations, 10 to information and transaction costs, or to physical constraints which prevent input quantities to adjust to their (long-run) optimal level (see Conrad/Unger 1987) . However, data errors seem to be the most obvious explanation for the existence of significantly positive ownprice elasticities of fossil fuel demand in the service sectors and in the nonenergy-intensive manufacturing sectors, as these sectors are characterised by cost shares of fossil fuels below 5%.
9 See Falk/Koebel (1999:5f.) for a theoretical founding of this aggregation procedure for own-and cross-price elasticities over individual industries. This procedure guarantees that sectorally aggregated own-and cross-price elasticities sum up to zero ( 0 = ∑ j ij ε ).
10 Note that for the energy supply sectors, own-price elasticities are negative (indicating costminimising behaviour) although this sector group (in particular the 'electricity' sector) has been affected heavily by environmental laws and other energy policy regulations in the 80's. In the following, in order to be able to interpret the estimates in an economically sensible way, local concavity restrictions are imposed by replacing the substitution parameters β ij in equations (2.1) and (2.2) by a Cholesky factorization. Table 3 shows that the estimates, which are obtained when positive Cholesky values are restricted to zero, are all negative and below unity (in absolute terms), with the exception of capital demand in the service sectors. The monotonicity of the cost function -with exception of two minor sectors ('printing and publishing' and 'office and data processing'), for which slightly negative fitted cost shares of fossil fuels are computed -is satisfied at 1990 data.
The responsiveness of input demand to a change of own prices is highest for capital and labour in the service sectors. On the whole, the estimates are in accordance with the results in the econometric literature. Hamermesh (1993) Halverson (1977) for aggregate U.S. manufacturing, or by Jones (1996) for industrial energy consumption of the G7 countries, my estimates of ε FF and ε EL,EL are relatively small in absolute terms. Both authors yield a higher sensitivity of energy demand to energy prices; they computed elasticities around -1 or even higher negative values. Table 4 depicts aggregated cross-price elasticities and Table 5 aggregated Morishima elasticities of substitution (MES); for the sake of simplicity, both are expressed only in terms of value II. The aggregated MES is calculated from sectorally aggregated own-and cross-price elasticities according to
Substitution patterns
It measures the percentage change in the ratio of input j to input i when the price of input i changes by 1%, keeping output constant.
Empirical results indicate that, in the majority of cases, inputs are substitutes in terms of both cross-price elasticity and MES. Complementary relationships can be observed in exceptional cases only for input pairs with either electricity or fossil fuels involved. However, capital and labour, capital and material, and material and labour are always substitutable.
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11 Hesse/Tarkka (1986) also obtained some complementarity relationships between energy and capital or labour in whole German manufacturing industry. The authors found thatmeasured by the Allen substitution elasticity -capital and electricity are statistically insignificant and fossil fuels and electricity are significant complements for the period Substitution patterns with respect to magnitude and sign differ widely between the four sector aggregates. Remarkably, the degree of substitutability is primarily marked for the service sectors aggregate. Here, MES above unity indicate strong substitutional relationships between capital and labour, capital and electricity, capital and fossil fuels, capital and material, and labour and electricity.
On the basis of cross-price elasticities, electricity and capital are statistically significant complements for the energy-intensive manufacturing sectors aggregate ( 028
) and the nonenergy-intensive manufacturing sectors aggregate ( 028
). Fossil fuels and capital, however, are characterised by positive cross-price elasticities in all sector aggregates.
Statistically insignificant negative cross-price elasticities between labour and electricity are computed for the energy supply sectors aggregate ( 012
) and the energy-intensive manufacturing sectors
). The computed cross-price elasticity for labour and fossil fuels is negative in all four sector aggregates as well, but significant values are calculated only for the nonenergy-intensive manufacturing sectors and the service sectors aggregate. Here, the cross-price elasticity is close to zero when the fossil fuels' price changes. Estimates are around -0.5 when the wage rate varies.
Besides, complementary patterns may exist between electricity and material in the nonenergy-intensive manufacturing sectors aggregate, for which, however, estimated cross-price elasticities are insignificant ( 003 
Insignificant cross-price elasticity estimates for the energy supply sectors aggregate may indicate a complementary interrelation between fossil fuels and electricity ( 002
). Possible technical reasons for this complementarity may be grid losses in the electricity sector: If fossil fuel input decreases due to increased fuel prices, electricity production and grid losses are reduced as well. Statistically speaking, the latter are expressed as a reduction of own consumption of electricity. Thus, higher fuel prices may correspond with lower electricity demand in the electricity sector. In contrast to the cross-price elasticity approach, the MES concept supports the hypothesis of capital-energy substitutability.
12 This might be of interest for policy makers as substitutability implies that an increase of fossil fuel or electricity prices simultaneously leads to a reduction of energy consumption and to a growing capital stock (given constant output). ). For the latter, however, the sectoral elasticities are all insignificant.
13
According to the literature on ecological tax reforms, a central question is whether labour is a better substitute for the taxed energy input than other input factors such as capital or materials. Table 6 roughly summarises the empirical evidence gained from the estimations of substitutability relationships between energy and nonenergy inputs (assuming a variation of the price of electricity or fossil fuels). The ranking is independent of whether substitutability is measured in terms of cross-price elasticity, Morishima substitution or Allen substitution elasticity. 
fossil fuels electricity
Ranking: substitutability between For the energy supply sectors and the energy-intensive manufacturing sectors aggregate, both electricity and fossil fuels are more substitutable to material, and (with exception of electricity in the energy-intensive manufacturing sectors) to capital than to labour. The nonenergy-intensive manufacturing sectors and service sectors are characterised by a higher degree of substitutability between fossil fuels and materials or capital respectively, than between fossil fuels and labour, whereas labour is easier to substitute for electricity than capital or material.
Thus, for the energy supply sectors and the energy-intensive manufacturing sectors, which are responsible for more than 50% of total energy consumption in 1990, a relatively low substitution of labour for energy can be expected from higher energy taxation. For the other sector aggregates, at least an electricity price increase would induce substitution processes which primarily favour labour demand.
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13 These empirical results contradict, for example, the theoretical model assumptions made in a paper of Bovenberg/de Mooij (1994:657) on ecological tax reforms. The authors choose a production structure which is supposed to account for energy-capital complementarity and for a higher degree of substitutability between labour and energy than between labour and capital. In a recent paper, however, the authors refer to the study of Hesse/Tarkka
Homotheticity and returns to scale
The estimations allow for an additional check whether the typical assumption of constant returns to scale in CGE models can be supported empirically. For this purpose, sectoral economy-of-scale elasticities (λ) 14 are computed from the estimated parameters and are depicted in the following table: (1986) and concede that in European countries, compared to capital, labour seems to be a poorer substitute for energy (de Mooij/Bovenberg 1998:30f.).
14 λ is defined as the inverse of the elasticity of total costs with respect to output (see Berndt 1991) . Table 7 reveals that the null hypothesis of constant returns to scale (λ=1) is supported only for 17 sectors (mainly energy-intensive manufacturing). For the remaining 32 sectors, the elasticity of returns to scale is significantly different from unity, indicating that increasing or decreasing returns to scale prevail.
The majority of energy supply and service sectors are characterised by increasing returns to scale (λ is significantly greater than 1). Among the group of nonenergy-intensive manufacturing sectors empirical evidence is mixed: Increasing returns to scale are computed for six sectors, whereas decreasing returns to scale are obtained for eleven sectors. For two further sectors of this sector group, the constant-returns-to-scale hypothesis cannot be rejected.
Results of the Wald test statistics are depicted in Table 8 . 15 Whereas, as previously mentioned, for 17 sectors the null hypothesis (i.e. constant returns to scale) cannot be rejected on empirical grounds, the hypothesis that the pooled sectors are jointly homothetic or homogeneous in output is rejected at a 5% level of significance for all four sector groups. All in all, the estimates suggest that the German economy is characterised by a non-homothetic production function with non-constant returns to scale. 3 Estimating substitution elasticities with a three-level nested five-input cost function
Econometric model
Whereas the previous section more generally dealt with substitution patterns in the German economy, the objective of this section is to estimate substitution elasticities that fit with the nested production structure of the GEM-E3 model.
The GEM-E3 model includes 18 production sectors which are characterised by four-level nested CES production functions with labour, capital, and 18 intermediate inputs. These intermediates consist of electricity, an input aggregate of three fossil fuel components (coal, oil gas), and an input aggregate of 14 nonenergy material components. The following figure clarifies the levels of nesting: (coal) (oil) (gas) (non-energy inputs)
Figure 2: Nested production and factor price scheme of GEM-E3
This production structure assumes that firms at the bottom level minimise costs by choosing optimal quantities of fossil fuels (F 1 , F 2 , F 3 ) and material (M 1 ,...,M 14 ) components within the fossil fuel (F) and material (M) composite. It is assumed that the marginal rates of substitution between coal, gas, and oil and between nonenergy input pairs are independent of the level of quantities of inputs demanded outside these aggregates. In the second step, firms choose the cost-minimising mix of labour (L), the fossil fuels aggregate (F), and the material aggregate (M), in the third step the cost-minimising mix of the LFM bundle and electricity (EL) and, finally at the top level, the optimal mix of the LEM aggregate and capital (K). This four-level nested CES production function implicitly assumes weak homothetic separability, that is, the cost function is weakly separable in prices and output (cf. Chambers 1988).
Assuming weak homothetic separability of the production function opens up the possibility of multistage estimation of production decisions using consistent input aggregates. The three-stage estimation procedure, described in the following, represents an extension of the two-stage estimation procedure applied in Fuss (1977) . Due to a lack of data, substitution interrelations among coal, oil and gas and among the several material components are not examined.
First nesting level: K-LEM (third stage of estimation)
Consider the first nesting level of the GEM-E3 producer model. Imposing weak homothetic separability in the LEM aggregate leads to the production function ) , ), , , , ,
, where LEM is assumed to be a linear homogeneous aggregator function. The dual cost function is then weakly separable in the same partition:
. LEM p is an aggregate price index which is equal to the minimum cost per unit of the separable LEM aggregate and which is independent of the level of LEM. The derived factor share system is estimated with respect of prices for capital use ( K p ) and the price index for the separable input aggregate LEM ( LEM p ). LEM p is generated in the second estimation stage.
Second nesting level: LFM-EL (second stage of estimation)
Due to the assumption that the cost function of the LEM aggregate is linear homogeneous in LEM , the unit cost function can be approximated by the following translog unit cost function: . The share equation for electricity is estimated with respect to electricity prices ( EL p ) and estimates of LFM p which are generated in the first estimation stage. 16 The assumption of linear homogeneity of the sub-aggregate cost function in LEM is a necessary assumption in order to ensure that the value of output is equal to the value of inputs. Linear homogeneity implies, in addition to homotheticity and homogeneity, that LEM = 1. Thus, ln(LEM) appears on the right hand side of the equation of the log of total costs. Subtracting ln(LEM) from the left hand side leads directly to the unit cost function of the aggregate LEM, i.e. to the translog price function. Linear homogeneity conditions are also imposed at the third nesting level.
Third nesting level: L-F-M (first stage of estimation)
The translog unit cost function of the LFM aggregate, which is assumed to be linear homogeneous in the level of LFM , is represented by
. The translog system of the two cost-share equations for labour and fossil fuels is estimated on the basis of exogenous prices of labour ( L p ), fossil fuels ( F p ) and nonenergy materials ( M p ). Table 9 depicts aggregated MES that are derived from aggregated own-and cross-price elasticities for GEM-E3 sectors 17 and contrasts them with the previously used values in the GEM-E3 model. For every sector, the substitution elasticity between labour, fossil fuels and material (σ LFM ) has been calculated as the weighted sum of MES between individual input pairs.
Empirical results
Substitution patterns
Whereas for some sectors considerable differences exist between the previously used and the econometric estimates, both are nearly equivalent for others. The importance of these differences with respect to GEM-E3 model results will be analysed in Section 4. 
Testing for weak homothetic separability
In order to examine whether the nested production structure given in Figure 2 can be justified empirically, the sectoral production functions are tested with respect to weak homothetic separability conditions. 18 For every sector aggregate, the validity of several separability structures is tested using the Wald test statistic.
First, let me turn to the results obtained from tests with the service sectors aggregate. Compared to the other sector groups, this aggregate contains a higher number of individual sectors, which allow for consistent input aggregation. Table 10 depicts for the service sectors aggregate only those Wald test statistics which are below the critical value, indicating that weak homothetic separability is accepted at a 5% level of significance.
19 For example, for seven service sectors, (K,M), (K,F), and (K,L) form weakly homothetically separable groups; for six service sectors, weak homothetic separability of (K,M,EL), (EL,M), and (K,EL) cannot be rejected.
In the other sector aggregates, separability is statistically rejected for the majority of individual sectors. In the energy supply sectors aggregate, only for the 'electricity' (7) sector is the restriction of weak homothetic separability not rejected for (K,L,EL) and for (F,M). Besides, the 'mineral oil' (15) sector allows for consistent aggregation of K and EL.
With exception of the sectors 'fine ceramics ' (19) and 'glass' (20) , the sectors pooled into the energy-intensive manufacturing sectors aggregate reveal a production structure that is weakly homothetically separable in energy: Testing for (F,EL)-separability yields Wald test statistics below the critical value of 9.49. For five further sectors, namely 'fabricated metals' (24), 'precision and optical instruments' (32), 'iron and steel' (33), 'paper and paper products' (38), and 'priniting and publishing' (39), L and F turn out to be weakly homothetically separable. For two other sectors, 'non-ferrous metals' (22) f is a homothetic micro-production function. According to Chambers (1988:115) . The parameter restrictions for weak homothetic separability of the underlying production function, which have to be imposed on the translog cost function, are:
'pulp, paper and board' (37), the aggregation of K and EL can be reasoned on empirical grounds as well. 20 Basically, this implies that the multistage estimation procedure applied in Section 3 and the nesting structure used in the GEM-E3 producer model are not consistent with German data.
21 But, as empirical results do not suggest any alternative first-stage nesting, we will proceed with the separability structure given in GEM-E3. In the next section, the estimates, depicted in Table 9 , are introduced into the nested-CES specification of the GEM-E3 producer model. They provide the basis for sensitivity analyses with respect to substitution patterns in production.
Sensitivity of GEM-E3 model results to substitution patterns in production
The sensitivity of GEM-E3 model results to the choice of substitution elasticities in production is tested by applying a simple ecological tax reform scenario to the standard version of the single-country GEM-E3 model of Germany. 22 This standard version is calibrated against a benchmark data set for Germany which includes a number of pre-existing factor-and commodity-market tax distortions. Invested (physical) capital is internationally and sectorally immobile. Because sectoral capital stocks are quasi fixed, capital supply is completely inelastic in the short run. However, capital is supplied with some degree of elasticity in the long run. The labour market is neoclassical with flexible wages and homogeneous and internationally immobile labour. Household behaviour is described by a representative household that receives labour and capital income. According to the Armington assumption, domestic supply of intermediate goods, including energy and nonenergy materials, is imperfectly elastic. 23 The balance of payments is assumed to be flexible, implying that the real long-term interest rate and nominal exchange rates are fixed. Admittedly, both a flexible balance of payments and an internationally immobile capital stock are reasonable assumptions in particular for mid-or short-term analysis. 20 See also Turnovsky/Donnelly (1984:59) , who tested for weak separability restrictions in the Australian iron and steel industry using a KLEM translog cost function. K-LEM separability is rejected at a 5% level as well, whereas E -KLM separability is accepted. 21 Actually, K-LEM separability assumes that substitutional possibilities between labour, fossil fuels and material do not depend on the installation of new capital. This is, of course, a critical assumption. 22 See Capros et al. (1997) for a detailed model description. 23 The Armington concept of national product differentiation is more or less a standard assumption in CGE models. By assuming that domestic demand is a CES aggregate of imports and domestically produced and demanded commodities, it relaxes the small-openeconomy assumption of fixed world market prices (cf. Koschel/Schmidt 1998).
Simulation results, given in Table 11 , are based on the assumption that Germany reduces CO 2 emissions by imposing an endogenous tax on CO 2 emissions of housholds and firms. A linear reduction path of CO 2 emissions at a total of 20% (compared to the base year) over a 10-year period is assumed. Revenueneutrality is operationalised by a fixed ratio of public deficit to GDP. Additional tax revenues are used to equally cut the rate of social security contributions of employees and employers. We refrain from applying a baseline scenario in order to clarify the effects of changed substitution elasticity values independently of their effects on the baseline scenario.
24 Table 11 considers several cases of parameter specifications. The first and second three columns show the results of the two standard cases, which are based on the previously-used (best-guess) elasticity values incorporated in the GEM-E3 producer model and on the econometric estimates of Table 9 . 25 The next six columns refer to results which are obtained when the substitution elasticities of all nesting levels are either halved or doubled. -2.00 -10.00 -20.00 -2.00 -10.00 -20.00 -2.00 -10.00 -20.00 -2.00 -10.00 -20.00 * in value figures, absolute difference from baseline ** in value figures
Standard case
Econometric estimates
Doubled values Standard case
Halved values 24 Assuming different substitution elasticities leads not only to differences in policy effects, but also to different growth rates of baseline CO 2 emissions or GDP. 25 Estimated elasticity values of zero and negative values have been replaced by 0.1 in order to keep the GEM-E3 model solvable. Table 11 illustrates that the GEM-E3 standard model for Germany produces a double dividend in terms of lower CO 2 emissions and higher employment within a wide range of substitution elasticities: If we calibrate the model against the estimates of Table 9 , a rise in private income of 0.61% and in employment of 1.33% is realised, if CO 2 emissions fall by 20%. 26 Basically, this is in line with the numerical results of de Mooij/Bovenberg (1998:30) , who also obtained a double dividend in a model with fixed capital.
Overall labour demand increases due to substitution processes in response to changed relative prices of labour and fossil fuels. Compared to the case of previously-used elasticity values, the standard case of the econometric estimates implies a higher level of consumption, real net income, real consumer wage, and higher employment, but a lower level of GDP, domestic production, private investment, exports, and imports.
Obviously, higher substitution elasticities (doubled values) generate lower CO 2 tax rates and lower ratios of CO 2 tax revenues to GDP. The former is the direct result of the higher price sensitivity of input demand functions caused by higher degrees of substitutability in production. Thus, significantly lower tax rates are required to realise a given CO 2 emissions reduction (cf. Kemfert/Welsch 1998) .
In all cases, the real consumer wage rate steadily increases with higher CO 2 emission reduction rates, whereas real net non-labour income (capital income) is reduced. Assuming a neoclassical labour market, where labour supply depends positively on the real consumer wage 27 and negatively on real non-labour income, both effects stimulate labour supply. As household's real disposable income increases, private consumption goes up. Due to the lower producer wage rate, labour demand expands. Strictly speaking, the substitution effect, which favours labour demand, dominates the negative output effect (domestic production decreases in all cases of parameter choice due to higher production costs).
The development of GDP is explained by the development of consumption, investment and net exports. Both real exports and real imports are reduced, the 26 Applying the same scenario to the GEM-E3 model also yields positive employment effects when not all, but only the substitution elasticities of the first (σ K,LEM ) or of the third (σ LFM ) nesting level are either halved or doubled. As it is intuitively plausible, employment effects are at highest for halved σ K,LEM values (employment rises by 1.75%) and lowest for doubled σ K,LEM values (employment rises only by 0.93%). 27 According to empirical evidence, the uncompensated wage elasticity of German labour supply incorporated in the GEM-E3 model is assumed to be slightly positive, i.e. a rise in the after-tax wage boosts employment.
former because of increased production costs, the latter because of lower domestic demand. Due to the Armington assumption which underlies the specification of Germany's and the rest of the world's import demand, imports are imperfect substitutes for domestically produced goods. Thus, export demand of the rest of the world is imperfectly price elastic and higher production costs in German export sectors can partially be shifted abroad. GDP shows positive growth rates, which, at the beginning, increase with the strong rise in consumption levels. With increasing CO 2 tax rates, however, exports lose some of its international competitiveness and progressively decline. This effect increasingly slows down GDP growth. Germany's terms of trade and net exports per GDP increase in all cases. This is possible because in the standard GEM-E3 model version, the balance of payments is flexible, i.e. imbalances have no feedbacks on the German economy.
Conclusions
In this paper, substitution elasticities between capital, labour, material, electricity, and fossil fuels were estimated using a translog cost function. Empirical basis was a pooled time-series cross-sectional data sample for 49 German producing and service sectors over the period 1978-90.
The empirical results can be summarised as follows:
(1) Positive Morishima elasticities of substitution below unity are obtained for the majority of sectors and input pairs. This indicates an overall dominance of weak substitutability relationships. Due to the high absolute own-price elasticity of capital demand in the service sectors, strong substitutes were calculated in particular in the service sectors aggregate for input pairs involving capital. The results support the hypothesis that capital and energy are substitutes.
(2) Negative Morishima elasticities of substitution are computed between labour and fossil fuels in the energy-intensive and nonenergy-intensive manufacturing sectors (when the wage rate changes), in the service sectors (when the fossil fuel price varies), and between material and electricity in the nonenergy-intensive manufacturing and the service sectors (when the price of material varies). Only for the two latter sector aggregates does labour seem to be a better substitute for electricity than capital or material; in most other cases, labour is more difficult to substitute for energy than material or capital. In practice, there may be a number of reasonable explanations for energy-labour substitutability. One possibility is that with higher energy prices more engineers are engaged, which search for and implement energy-saving measures, for example in the area of thermal isolation of buildings.
(3) Estimation of sectoral economy-of-scale elasticities yields the result that only for 17 of 49 sectors can the hypothesis of constant returns to scale not be rejected at a 5% level of significance, indicating that the majority of sectors are described by decreasing or increasing returns to scale. Testing for homotheticity and homogeneity shows that the aggregates are characterised by non-homothetic and non-homogeneous production functions.
(4) In order to improve the empirical basis of the computable general equilibrium model GEM-E3, substitution elasticities were estimated for a three-level nested production function. A comparison with the values previously used in GEM-E3 indicates considerable numerical differences for some sectors. Testing for weak homothetic separability restrictions proves that inputs can be aggregated only in exceptional cases. Thus, the econometric estimates of the multi-stage estimation are surrounded by some uncertainty, and sensitivity tests are required.
(5) The numerical simulations with the GEM-E3 model reveal that the macroeconomic impacts of an ecological tax reform in Germany are relatively insensitive (in terms of the sign) with respect to a change of substitution elasticities in production. Positive labour market effects are obtained for a wide range of values. The interpretation of simulation results indicates, however, that price elasticities of labour supply and demand and assumptions concerning the foreign closure, also play a key role for the employment impacts of an ecological tax reform.
Appendix I Data
Input prices and quantities are constructed following Falk/Koebel (1999:22ff.) :
Electricity and fossil fuels
As sectorally disaggregated data for electricity and fossil fuels are not available from national account statistics, expenditures and quantities (in terajoule) are drawn from input-output tables. 28 In order to provide consistency of input-output energy data with national account data, the following adjustments are required for each sector:
This adjustment formula assumes that differences in output x between the national account and the input-output concept do not change over time, but can be represented by the discrepancy in 1978. The prices of electricity and fossil fuels are derived by dividing expenditures by quantities, both defined in terms of the input-output classification. This input-output energy deflator 
Labour
As data on actual working hours in each of the 49 sectors are not available, the quantity of labour is approximated by the total number of employees. For each sector and year, the price for labour is calculated by dividing gross wage income of employed persons by the number of employees. Wages are normalised to unity in 1990. Labour quantities (in prices of 1990) are obtained by dividing gross wage income by normalised wages.
Capital
Capital is assumed to be variable. According to Jorgenson (1974) , sectoral user costs of capital are calculated as: Note: For the L-F-M estimation model local concavity restrictions are imposed when estimating the service sectors and the energy-intensive manufacturing sectors aggregate. No concavity restrictions are imposed on the group of energy supply sectors, since for these -as in the non-nested case -all computed own-price elasticities are negative. However, the group of nonenergy-intensive manufacturing sectors as well as the LFM-EL and K-LEM estimation models of all sectoral aggregates (first and second nesting levels) are not restricted to local concavity, even if significantly positive own-price elasticities are calculated for fossil fuel demand in several GEM-E3 sectors such as Electrical Goods (9), Transport Equipment (10), Other Equipment Goods (11), Consumer Goods (12), and Building (13). Whereas for nine sectors insignificant price elasticities at the second nesting level (LFM-EL) are obtained, the price elasticities at the first nesting level (K-LEM) are statistically significant without exception.
II Sectoral cost shares
Values I refer to elasticity aggregates that are obtained when sectoral elasticity values which are insignificant at a 5% level enter aggregation with zero, whereas values II are calculated as the weighted sum of all -significant and insignificant -sectoral price elasticity values. For four of 49 sectors, the fitted cost shares of fossil fuels (at 1990 data) are negative, but only slightly below zero. These are the sectors (27), (32), (39), and (60), which all are characterised by very small cost shares of fossil fuels (below 0.5% in 1990, see Table A-1 in  Appendix II) . In all other input components, however, the estimated translog cost function increases monotonously.
